Oxides of Fe and Mn in soils are capable of sorbing large amounts of trace metal ions and can therefore be important in controlling trace metal concentrations in soil solution, and hence trace metal bioavailability in soils. There is, however, relatively little information on the rates of desorption of trace metals from oxide materials or on the factors affecting desorption rates. The objective of this study was to examine the kinetics of desorption of Cd and Co from two Fe oxides, goethite and ferrihydrite, and from two Mn oxides, hausmannite and cryptomelane. The concentrations of Cd and Co specifically sorbed by the oxides at pH 6.0 were greater for the Mn oxides than for the Fe oxides. The metals were also much less readily desorbed from the Mn than the Fe oxides and, in general, Cd was more readily desorbed than Co from all four oxides. Increasing the initial sorption period from 1 to 15 wk substantially decreased the proportion of sorbed Cd or Co subsequently desorbed from goethite, with a similar but much smaller effect also observed with the Mn oxides. Desorption kinetics for both Cd and Co were found to be described well by assuming either the occurrence of two simultaneous first-order desorption reactions, or by a continuous distribution of reaction sites, distributed lognormally with respect to desorption first-order rate constant. With increasing initial sorption period, the parameters obtained from fitting either type of kinetic equation to the experimental data could be interpreted as indicating a movement of metal ions to sites with slower desorption reactions.
T HE BIOAVAILABILITY, and hence potential toxicity or deficiency, of a trace metal ion in the soil depends on its concentration in the soil solution and on the soil's ability to release trace metal ions from the solid phase to replenish those removed from solution by plants. Many previous studies have demonstrated that soils have substantial capacities to sorb trace metal ions from solution, and it is now generally accepted that solution metal concentrations are most likely to be controlled by sorption-desorption reactions at the surface of both inorganic and organic soil colloidal materials (Swift and McLaren, 1991) . Oxides of Fe and Mn are one group of soil colloids that have been shown to be capable of sorbing large amounts of trace metal ions (e.g., McKenzie, 1972 McKenzie, , 1980 Benjamin and Leckie, 1981; Padmanabham, 1983; Bruemmeretal., 1988; Zasoski and Burau, 1988) . However, results from some of the relatively few desorption studies reported to date indicate that substantial proportions of the trace metals sorbed by oxides cannot be desorbed readily back into solution (McKenzie, 1967; McLaren etal., 1983 McLaren etal., ,1986 Padmanabham, 1983) . Similar observations have been made during trace metal desorption studies from intact soils (e.g., Lehmann and Harter, 1984; Barrow, 1986; Hogg et al., 1993) .
In soils, increasing the contact time between soil and sorbed trace metal has been shown to decrease the metal's subsequent ability to desorb from the soil (Barrow, 1986; Hogg et al., 1993) and, in the case of Cu, reduce its availability to plants (Brennan et al., 1980) . Such observations have been linked to the results of studies that, following the initial rapid sorption of trace metals by oxide materials, have indicated the presence of relatively slow continuing metal-oxide reactions (Benjamin and Leckie, 1981; Bruemmer et al., 1988) . The relatively low reversibility of trace metal sorption by oxides (and soils) , and the nature of the continuing reactions that, with time, can decrease metal desorption still further, are not clearly understood.
One simple explanation for the generally poor reversibility of trace metal sorption of oxides is that, since chemisorption is almost certainly involved, the activation energies for desorption may be much larger than those for sorption and thus rates of desorption at ambient temperature are likely to be much slower than rates of sorption (McBride, 1991) . Other explanations involve the incorporation of the trace metal into the oxides. Naturally occurring Fe oxides are known to contain associated trace metals (Schwertmann and Taylor, 1989) . Incorporation of the metal into the oxide would compensate charge imbalances often present in oxides due to crystal defect structures (Schwertmann et al., 1985; McKenzie, 1989) . McKenzie (1970) found that the sorption of trace metals onto some Mn oxides involved the release of Mn 2+ and other cations from the oxides, the trace metals replacing cations in the oxide structure. Diffusion of trace metal ions within solid oxide materials, following initial surface sorption, has also been proposed to account for decreased metal desorption with time (Barrow, 1986; Bruemmer et al., 1988; Barrow et al., 1989) . Whether such a process involves solid diffusion into the lattice structure, which would be expected to be extremely slow, or diffusion of ions into very small pores and interparticle spaces remains to be determined (McBride, 1991) . Indeed, current evidence for the existence of diffusive processes is mainly indirect, depending solely on the fitting of sorption data to various diffusion equations (e.g., Barrow, 1986; Bruemmer et al., 1988) .
In an attempt to further elucidate the reactions of trace metals at soil oxide surfaces, we examined the effect of length of sorption period on die subsequent rates of desorption of Cd and Co from some Fe and Mn oxides. Cadmium was selected for diis study as an example of an important pollutant metal. Cobalt is an essential micronutrient for grazing ruminants and is often applied to Co-deficient soils in New Zealand to increase herbage Co concentrations. Cobalt is also known to be strongly sorbed by Mn oxides (McKenzie, 1970) .
Both batch and continuous-flow techniques have been used to investigate sorption and desorption processes in soils and oxide materials. The relative advantages and disadvantages of each technique have been discussed in detail by Sparks (1988) . In batch techniques, since desorbed species are not removed, reverse reactions can occur, creating problems in the calculation of rate coefficients. In flow techniques, the continuous supply of solution acts as a sink for desorbed ions and thus the kinetic data obtained from continuous-flow techniques can be simpler to interpret than with batch techniques. For this reason, a flow technique was selected for use in this study.
MATERIALS AND METHODS

Preparation of Oxides
Goethite (a-FeOOH) was prepared in polypropylene containers by increasing the pH of a solution of 0.025 M Fe(NO 3 ) 3 to pH 12 with additions of I M KOH and then allowing it to stand at 70°C for 48 h (Cornell and Giovanoli, 1987) . Ferrihydrite was prepared by addition of I M NaOH to 0.5 M FeCl 2 solution to give a pH of 7. Sodium metasilicate (NaSiO 3 ) was then added to provide 39 mM Si and the solution aerated with CO 2 -free air for 24 h (Schwertmann and Thalmann, 1976; Karim, 1984) . This procedure gave a mixture of ferrihydrite (Fe 5 O 7 OH-4H 2 O) and feroxyhite (5-FeOOH), another poorly ordered, large surface area Fe oxide (for simplicity, this sample will be referred to as ferrihydrite). Cryptomelane (K 2 Mn8Oi 6 ) was prepared by the addition of 400 mL of 0.45 M KMnO 4 at 60°C to 500 mL of 0.5 M MnSO 4 -4H 2 O in 2 M acetic acid at 60°C. The mixture was then boiled for 20 min (McKenzie, 1981) . Hausmannite (MnOMnO 2 ) was prepared by aerating a solution of 0.2 M MnSO 4 and 0.36 M KOH for 24 h (adapted from McKenzie, 1970) .
The oxides were separated from solution by centrifugation at 10000 X g for 10 min (20°C), frozen at -20°C and then freeze-dried. They were then washed several times with deionized water to remove excess soluble salts and again frozen and freezedried. The composition of each product was verified by x-ray diffraction. The surface areas of the oxides were determined with ethylene glycol monoethyl ether (Carter et al., 1986 ) and the points of zero charge (pzc) by titration of the oxides in NaNO 3 at different ionic strengths (van Raij and Peech, 1972) .
Sorption Isotherms
Sorption isotherms were determined for each oxide-metal combination using a batch technique. Samples of oxide (50 mg) were weighed into 35-mL polypropylene vials, and 20 mL of solution were added to give final concentrations of 5 X 10-" M Co(NO 3 ) 2 or 1Q-" M Cd(NO 3 ) 2 in a background electrolyte solution of 0.01 M Ca(NO 3 ) 2 . Small amounts of saturated solutions of Ca(OH) 2 were also added to give a range of final pH values. The samples were shaken for 48 h at 20°C, centrifuged at 10 000 X g for 10 min, and then filtered through a0.45-nm Millipore (Millipore Corp., Milford, MA) cellulose ester filter. Filtrate pH values were measured, and Co or Cd concentrations were determined as described below.
Desorption Procedure
Samples for desorption studies were prepared as above, but the samples were only shaken for 24 h before being allowed to stand at 20°C for either 1 wk or between 12 and 15 wk. The contents of the vial were then filtered (by injection) through a weighed 25-mm-diam. Swinnex filter holder containing a 0.45-um Millipore cellulose ester filter. The filter holder plus contents were weighed after injection of the sample to determine the weight (volume) of solution remaining entrained with the oxide on the filter. The concentration of Co or Cd in the filtrate was determined so that both the amounts of metal sorbed and the amounts entrained could be determined. The amounts of entrained metal were subsequently subtracted from the amounts present in the first desorption fraction. Desorption of metals was induced by continuous peristaltic pumping of 0.01 M Ca(NO 3 ) 2 through the oxide on the filter at a flow rate of 2.5 to 3.0 mL min" 1 . The pH of the eluent was adjusted to the pH of the metal-oxide under study, and the system was maintained at 20 °C throughout die whole desorption period (up to 7 h). Eluate fractions were collected every 120 s using a fraction collector. Cobalt or Cd concentrations were measured in all the initial fractions from each desorption run; however, as the experiments progressed and the rate of change of metal concentrations decreased, fewer fractions were analyzed. Each experimental treatment (i.e., oxide-metal-sorption period combination) was run in duplicate.
Cobalt and Cadmium Analysis
Cobalt and Cd concentrations in equilibrium solutions and eluates were determined by flame or graphite furnace atomic absorption spectrophotometry. For Cd determinations by graphite furnace, to overcome interference from Ca, ammonium phosphate (0.43 M) was added to the samples (Kaiser et al., 1981) . Detection limits were 0.001 and 0.005 (ig mL" 1 for Cd and Co, respectively.
Numerical Methods
Desorption of metal ions, M, from a substrate (oxide material) having n discrete, independent sites for metal ion binding, Si. . . .S n , may be represented by the following:
Where Af-Si. . . .« represents the metal bound by sites Si. . . .S n . Simultaneous first-order desorption for this system may be expressed mathematically, as a function of time, by the following:
where CMS is the concentration of metal ion sorbed to substrate S at time t, C\. . . . .€" are the initial concentrations (( = 0) of metal ion bound to sites Si. ... .S n , and k\. . . . .k n are first-order rate constants for desorption of M from sites Si. . . . .S n . Equation [2] was formulated with the assumption that all metal ions would eventually (t = oo) desorb, i.e., S" =1 Ci = Czen,, where C Km is the total amount of metal sorbed at t = 0. Equation [2] may be fitted to experimental data by optimizing C, and fc values. For the particular case of Eq.
[2] where n = 2, fitting to experimental data was achieved by optimizing values for C\ (concentration of metal associated with the faster of two first-order reactions) and for k\ and fe (rate constants for the two reactions). Since C Kia was fixed by the experimental data, C 2 (concentration of metal associated with the slower of two first-order reactions) was in effect fixed by die fitted value of C, (i.e., C 2 = C Km -Ci).
Alternatively, the assumption of discrete, independent sites Si. . . . .S n can be replaced with the hypothesis that metal ion binding sites form a continuous distribution with respect to the first-order desorption rate constant. If this distribution is lognormal, the appropriate equation is (Rate et al., 1992) Nelder and Mead (1965) to minimize a residual sum-of-squares term. For the lognormal distribution model, integrals were solved numerically using the Romberg method (Press et al., 1986) . Optimization programs were written in FORTRAN using adaptations of code presented by Press et al. (1986) .
RESULTS AND DISCUSSION
Sorption of Cadmium and Cobalt
The surface properties of the oxide materials prepared for this study are shown in Table 1 . It was not possible to determine accurately the pzc of the Mn oxides. In the case of cryptomelane, the pzc is <3.0, and in this region, the titration curves were very flat; hence, using this method, it was impossible to define accurately the intersection point. For hausmannite, the pzc could not be determined due to extensive dissolution of this oxide below pH 5.0. The x-ray diffraction patterns revealed that the goethite and hausmannite samples were strongly crystalline, the cryptomelane less so, and the ferrihydrite poorly crystalline.
Sorption of trace metals in soils takes place in the presence of solution concentrations of major cations (e.g.,Ca 2+ ,Mg 2+ ,K + ,. . .), which are orders of magnitude higher than those of the trace metals. Under these conditions, as a result of mass action effects, sorption of trace metals by normal cation-exchange reactions is negligible (Swift and McLaren, 1991) . Sorption of trace metals by soil is therefore considered to be due predominantly to specific sorption mechanisms (chemisorption). In this study, to simulate normal soil conditions and minimize cation exchange, sorption and desorption of Cd and Co were determined against a relatively high background concentration of Ca 2+ ions. Thus, this study is concerned exclusively with specifically sorbed Cd and Co.
Sorption of Cd and Co by the oxides as a function of pH is shown in Fig. 1 . As a result of extensive dissolution of hausmannite under acid conditions, no data for this oxide are shown below pH 5.5. Sorption of the two metals by the oxides followed similar patterns. Cryptomelane, with a pzc below 3.0 and a high surface area, sorbed significant amounts of both metals even at relatively low pH values. At the other extreme, goethite, which had a relatively small surface area and a pzc of 8.7, only showed significant sorption of the metals at pH values above 6.0. However, neither the data in Fig.  1 nor those in Tables 2 and 3 indicate the presence of consistent relationships between sorption of Cd or Co and surface area or pzc. For example, at a similar pH value, hausmannite, which has a much smaller surface area than cryptomelane (Table 1) , sorbed substantially greater amounts of both Cd and Co per unit surface area (Tables 2 and 3) . A similar comparison can also be made between ferrihydrite and goethite (Tables 2 and 3 ). Since, as discussed above, the retention of Cd and Co by the oxides is due to specific sorption reactions, it is indeed unlikely that the amounts of Cd or Co sorbed will be related solely to differences in surface area and pzc. Chemisorption does not necessarily involve retention by negatively charged sites, so that the charge characteristics of the surface, such as the pzc or cation-exchange capacity, will be less important than for sorption by cation exchange. The actual chemical structure of the oxide surface would seem more likely to have the major influence on specific sorption of trace metals by the surface.
The concentrations of Co and Cd used in this study were dictated to a large extent by the analytical methods used for their determination. As a result, the concentrations of the metals sorbed by the oxides (Tables 2 and  3) were considerably higher than concentrations found in most natural unpolluted soils. However, trace metal concentrations in oxide fractions in soils can be orders of magnitude higher than in the bulk soil (Le Riche and Weir, 1963; Taylor and McKenzie, 1966) . In addition, in soils heavily polluted with trace metals, concentrations of Cd as high as 13 to 15 mmol Cd kg" 1 soil and of Co as high as 2.0 to 2.5 mmol Co kg" 1 soil have been recorded (Kabata-Pendias and Pendias, 1992).
Desorption of Cadmium and Cobalt
For the desorption studies, attempts were made to carry out all initial sorptions and subsequent desorptions as close to pH 6.0 as possible. This pH value was selected as being appropriate to many agricultural A horizons in New Zealand. It was not practically possible to adjust all pH values to pH 6.0 exactly, and in some cases, there were differences in pH (generally <0.3 pH units, except for the 1-wk Cd sorption experiment on goethite) between replicate oxide-metal combinations (Tables 2  and 3 ). Since slopes of the metal sorption-pH relationships for some of the oxides were relatively steep at pH 6.0 (Fig. 1) , in some cases, differences in pH around this value resulted in substantial differences between replicates in the amounts of metal initially sorbed. For this reason, data for individual replicates are presented rather than mean values. However, even hi those cases where the amounts of metal sorbed differed between replicates, there was generally good agreement between replicates hi the proportions of metal desorbed and in the rates of desorption (Tables 2-5) . Tables 2 and 3 show the amounts of metal sorbed by the oxides at pH « 6.0 prior to desorption and the proportions desorbed after 5 h. Irrespective of whether the amounts of metal sorbed are expressed on a weight or surface-area basis, the Mn oxides sorbed larger amounts of both Co and Cd than did the Fe oxides. For the Fe oxides, when sorption was expressed on a weight basis, ferrihydrite sorbed larger amounts of Cd and Co than did goethite, but the reverse was true for sorption expressed on a surface-area basis (Tables 2 and 3) . Similarly for the Mn oxides, on a weight basis there was little difference in the concentrations of metals sorbed by hausmannite and cryptomelane, but on a surface-area basis hausmannite sorbed much higher concentrations of Cd and Co than did cryptomelane. Of the Co and Cd sorbed by the oxides, far greater proportions were able to be desorbed from the Fe oxides than from the Mn oxides (Tables 2 and 3 ). Increasing the sorption period from 1 wk to 12 to 15 wk did not noticeably increase the amounts of Co or Cd sorbed by the oxides. However, in the case of the Fe oxides, any potential increase in sorption with time may have been masked by a decrease in pH during the same period (Tables 2 and 3) . Protons are known to be released during the sorption of trace metals by oxides, possibly associated with hydrolysis of the metal at the oxide surface. In the case of the Mn oxides, even after a sorption period of only 1 wk, >95% of the Co or Cd added had been sorbed and any further sorption may have been difficult to detect due to the extremely low concentrations of metal remaining in solution. The high proportional sorption of the metals by the Mn oxides also probably accounted for the better replication between duplicate experiments for these materials compared with the Fe oxides. Although significant effects of time on sorption of metals by oxides have been observed in some previous studies (e.g., Bruemmer et al., 1988) , data from this study was unable to demonstrate a clear effect of length of sorption period on the amounts of Co or Cd sorbed. In some cases, however, increasing the sorption period had a marked effect on the subsequent rate of desorption of the sorbed metals. With goethite, increasing the length of sorption period substantially decreased the rate and amount of desorption of both Co and Cd. Similar trends were observed for Co sorbed by hausmannite and for Cd sorbed by cryptomelane (Tables 2 and 3 ).
Kinetics of Cadmium and Cobalt Desorption
Many different equations have been used to analyze the kinetics of ion desorption from soils or soil minerals (Skopp, 1986; Sparks, 1988) . Initial examination of kinetic data from this study showed that desorption of both Cd and Co from all four oxides sets could be described by assuming that desorption was controlled by two simultaneous first-order reactions and that ultimately all the Table 5 . Fitted parameters derived from application of Eq. [2] (it = 2) and [3] to Co desorption kinetics data (C, and C^ are initial concentrations; k, k,, and k 2 are first-order rate constants for desorption; and C m is the total amount of metal sorbed at time = 0). sorbed metals would be desorbed (Eq.
[2], n = 2). Figure 2 shows some examples of the fits obtained with this equation for plots of sorbed Cd or Co (CMS) vs. length of desorption period (t). In general, excellent fits were obtained and, with a few exceptions, R 2 values were >99% (Tables 4 and 5 ). The optimized parameters for the various desorption experiments are shown in Tables 4 and 5 . However, since rate constants calculated from desorption data are dependent on the method used to measure desorption (Sparks et al., 1980) , the optimized k values should only be regarded as apparent rate constants (Skopp, 1986) .
In effect, k\ represents the rate constant for a relatively rapid desorption reaction with f 50 values ranging from 60 to 3.6 X 10 3 s (1 h) and k 2 represents the rate constant for a much slower reaction with t$o values, with two exceptions, between 3 x 10 4 and 8 x 10 5 s (« 8-200 h), where /so is the time required for 50% of the metal associated with a particular reaction to desorb from the oxide. There was little difference between k\ values calculated for Cd and Co or for the different oxides, DESORPTION TIME (1000 s) [2]).
although values for goethite were slightly higher (faster desorption rates) than for the other oxides. Relatively small differences in k\ values were observed between those systems with an initial sorption period of 1 wk and those with longer periods (12-15 wk). There were, however, some differences between Cd and Co and between oxides in values for the rate constant for the slower reaction (k 2 ). Values for fe were generally smaller (slower desorption rates) for Co than Cd and smaller for the Mn than the Fe oxides (Tables 4 and 5 ). The slow desorption of Co from Mn oxides in particular may be related to the theory (McKenzie, 1970) in the crystal structure of the oxide. For goethite, fe 2 values also decreased when the initial sorption period was increased from 1 to 15 wk. In the case of Cd, the effect of this decrease in desorption rate on the shape of the desorption curve can be seen hi Fig.  3 . In addition to the decrease in & 2 values, for goethite, increasing the initial sorption period also increased the proportion of sorbed Cd or Co associated with the slower reaction (Ci, see Tables 4 and 5 ). Increasing the length of the sorption period also resulted in an increased proportion of Cd sorbed by cryptomelane becoming associated with the slower reaction (Table 4) . A similar, but less obvious, effect was observed for Cd and Co sorbed by hausmannite (Tables 4 and 5 ).
These increases in the proportions of sorbed metals associated with the slow reaction, together with the differences in fe values between metals, oxides, and initial sorption periods, would certainly explain the observed differences in the desorption percentages of Cd and Co from the oxides (Tables 2 and 3) . A simple interpretation of the trends observed with an increased sorption period is that Cd and Co have moved from reaction sites associated with the fast desorption reaction to sites associated with the slower reaction. Alternatively, it is possible that changes have occurred at the original bonding site (e.g., hydrolysis of the metal or oxidation of Co 2+ to Co ) resulting in a slower desorption rate. Such changes might be related, at least in part, to any alterations in the structure and crystallinity of the oxides occurring during the longer periods of equilibration in aqueous suspension. However, Skopp (1986) pointed out the problems and ambiguities in interpreting time-dependent processes, particularly with regard to reaction mechanisms. The above simple interpretations do not necessarily explain the decrease in fo values obtained with goethite on increasing the sorption period. Even though Eq.
[2] gave excellent fits to the experimental data, it seems rather unlikely that there are only two types of reaction sites for Co or Cd associated with each of the oxide materials. As noted by Jardine and Sparks (1984) , apparent desorption rate coefficients may be comprised of numerous diifusional and chemical reaction rates. The optimized desorption rate constants (ki and £ 2 ) could be thought of as representing averages for ranges of sites with either relatively fast or relatively slow reactions. However, by analogy with discrete site models of metal ion binding (Perdue and Lytle, 1983) , such averages are unlikely to be meaningful. Nevertheless, decreases in & 2 values as a result of increasing the sorption period could represent a movement of metal ions to more slowly desorbing sites within the relatively slow reacting group of sites. Alternatively, the decrease in fe values could result from slower diffusion rates associated with the continuing movement of ions to relatively more inaccessible sites within the oxide materials (Barrow, 1986; Bruemmer et al., 1988) . The fact that the decrease in ki and increase in €2 values were most marked for goethite is probably related to the relatively small surface area (Table 1 ) and thus relatively large particle size of this oxide, with potentially longer intraparticle diffusion pathways. Although hausmannite also had a relatively low surface area, even after a 1-wk sorption period a very high proportion (>96%) of Cd or Co sorbed by this oxide was already associated with the slower reaction sites (Tables 4 and 5) .
Because of the uncertainty in interpreting optimized k values for discrete site models, it was considered appropriate to attempt to fit the experimental data to a model based on not just two but a whole range of binding sites. The model selected is based on the hypothesis that the metal binding sites form a continuous lognormal distribution with respect to the first-order rate constant (Eq. [3]). The lognormal distribution model has previously been shown to give a good description of the dissociation of Cu 2+ or Ni 2+ from humic substances (Rateet al., 1992) .
The lognormal model also produced excellent fits to the experimental data with R 2 values again mainly >99% (Tables 4 and 5 ). The fitted parameters, M> (mean log k) and a (standard deviation of log k), for each oxidemetal combination are also shown in Tables 4 and 5 . It should be noted that the lognormal model requires only two fitted parameters compared with the three required for the two discrete site model. Mean log k(n) values obtained from the lognormal model were comparable with the k values obtained from the two discrete site model. In cases where the two discrete site model predicted that >80% of sorbed Cd or Co was associated with the slower reaction, (J, values from the lognormal model were generally lower than the corresponding k-i values. Where the two-site model predicted that substantially <80% of sorbed Cd or Co was associated with the slower reaction, u values fell between the values for k\ and fe (Tables 4 and 5 ). Figure 4 shows the hypothetical lognormal distributions of first-order rate constants for Cd and Co sorbed by goethite after 1-and 15-wk sorptions. For both metals, there is a clear shift to lower n values with the increased sorption period. This is consistent with the ideas discussed above of an overall movement of Cd or Co to sites with slower desorption reaction rates or, alternatively, it is possible that the lower u result from chemical reconfiguration at the original bonding sites. In the case of Cd, the increase in sorption period has also produced a substantially wider spread of log k values about the mean. An interpretation of this change is that Cd is initially bound by sites with a relatively narrow range of log k values but that, with tune, the Cd becomes redistributed between sites with a much larger (and predominantly lower) range of log k values. 
